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Abstract. Ac electrokinetics is concerned with the study of the movement and
behaviour of particles in suspension when they are subjected to ac electrical ﬁelds.
The development of new microfabricated electrode structures has meant that
particles down to the size of macromolecules have been manipulated, but on this
scale forces other than electrokinetic affect particles behaviour. The high electrical
ﬁelds, which are required to produce sufﬁcient force to move a particle, result in
heat dissipation in the medium. This in turn produces thermal gradients, which may
give rise to ﬂuid motion through buoyancy, and electrothermal forces. In this paper,
the frequency dependency and magnitude of electrothermally induced ﬂuid ﬂow are
discussed. A new type of ﬂuid ﬂow is identiﬁed for low frequencies (up to 500 kHz).
Our preliminary observations indicate that it has its origin in the action of a
tangential electrical ﬁeld on the diffuse double layer of the microfabricated
electrodes. The effects of Brownian motion, diffusion and the buoyancy force are
discussed in the context of the controlled manipulation of sub-micrometre particles.
The orders of magnitude of the various forces experienced by a sub-micrometre
latex particle in a model electrode structure are calculated. The results are
compared with experiment and the relative inﬂuence of each type of force on the
overall behaviour of particles is described.
1. Introduction
The potential for using ac electrokinetic techniques to
manipulate and separate bioparticles is now undoubtedly
proven. The rapid development of this ﬁeld into a new
technology has been achieved through the application of
microelectronic methods used to fabricate small electrode
structures that can generate high electrical ﬁelds from
relatively small applied ac potentials.
The controlled manipulation of cells and micro-
organisms has been a topic of research for a number of
years. Pohl [1] showed how the application of non-uniform
ac ﬁelds could induce movement of polarizable particles
and termed the force responsible the dielectrophoretic force.
It was shown that dielectrophoresis (DEP) could be used
to manipulate particles and also to separate different types
of bacteria [1]. Recent work has shown the versatility of
DEP in areas such as the separation of cancer cells from
blood [2] and the separation of bacteria using conductivity
or permittivity gradients as a means of controlling the
dielectrophoretic forces [3]. A recent review of the subject
is given in [4]. The time-averaged DEP force is given by
[1,5]
h N FDEPiD1
2vr N E2
rms (1)
where  is the effective polarizability of the particle,
v is the volume of the particle and r N E2
rms is the
gradient of the energy density of the electrical ﬁeld.
In order to move particles of the order of 1–10 m
in diameter, a ﬁeld of 104–105 Vm − 1 is required.
Early studies of DEP effects were undertaken using
large electrode structures (for example a coaxial wire
suspended in a tube) and high voltages [1]. However,
the application of new micro-fabrication methods has
meant that the dielectrophoretic manipulation of particles
can be performed using lithographically manufactured
micro-electrodes with sufﬁcient ﬁeld generated using
commercially available low-voltage (up to 10 V) frequency
synthesizers.
Recent work [6–11] has demonstrated that DEP can be
used to manipulate particles smaller than 1 m in diameter.
It was believed that the effect of Brownian motion was
such that the deterministic movement of such small particles
could not be achieved using DEP. The force on a particle
due to Brownian motion increases as the particle’s volume
is reduced and Pohl [1] showed that excessively large
electrical ﬁeld gradients would be required to move a
particle of, for example, 500 nm diameter. However,
through the use of electrode structures of a suitable size the
electrical ﬁeld gradient can be increased to a level sufﬁcient
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Figure 1. Diagrams of the electrode geometries used in
this work. The polynomial electrode is shown in (a) and the
castellated one in (b). Dimensions are typically from 2 m
to tens of micrometres. (c) Shows a parallel ﬁnger
electrode used for observation of EHD movement of latex
spheres. In this case the electrodes are 2 mm long and
100 m wide, with a 25 m gap.
to move particles of most sizes and types, as recent work
has shown. Particles such as plant and animal viruses,
latex beads, DNA and macromolecules can be moved by
DEP [6–10]. We have also shown that it is possible to
(c)
Figure 1. (Continued)
separate heterogeneous populations of latex particles into
sub-populations [11].
Although polarizable particles can be moved using
non-uniform electrical ﬁelds, the dielectrophoretic force
is not the sole force acting on a particle. The total
force on any particle is given by the sum of many forces
including sedimentation, Brownian, dielectrophoretic and
hydrodynamic forces; the latter arising from viscous drag
on the particle. An electrical ﬁeld can also induce ﬂuid
motion that will drag the particle and the motive forces
are electrohydrodynamic in origin, namely electro-osmosis
and electrothermal. The magnitudes of these forces can
be of the same order as, or in certain circumstances
much larger than, the force exerted on the particle by
dielectrophoresis. For example, the movement of particles
in micro-electrode arrays is strongly inﬂuenced by ﬂuid
motion and we [10] together with other workers in the
ﬁeld [6] have noted this fact. At certain combinations of
frequency, medium conductivity and applied voltage, the
hydrodynamic forces can dominate over the DEP force.
Under other experimental conditions these forces are too
small to be seen and as a result quite subtle changes in
the DEP properties of the particles can be detected and
measured [10,11]. Although these different forces have
been observed and noted in the literature, little work has
been done to categorize and determine the ranges of sizes
of forces and their inﬂuences on particles.
Consequently we have undertaken observations of the
forces on particles in micro-electrode arrays when they are
energized with ac voltages over a wide frequency range
and have performed order-of-magnitude calculations of the
various forces and their effects on the ac electrokinetic
behaviour of particles. We begin by showing how
sub-micrometre particles, such as latex spheres, can be
manipulated using non-uniform ac electrical ﬁelds. The
various forces acting on the particles are then analysed
and the order of magnitude of the force exerted on a
latex particle of 282 nm diameter is calculated for various
frequency and force regimes.
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Figure 2. A two-dimensional plot of the electrical ﬁeld distribution across the parallel ﬁnger electrode of ﬁgure 1(c) is shown
in (a). (b) Shows the variation of jr ¯ E2j in a cross section of the electrode, indicating the magnitude and direction of the DEP
force on a particle. The magnitudes of the vectors are drawn on a logarithmic scale. Note the minimum in the electrical ﬁeld
and force at a point equidistant between the two ﬁngers, with a secondary minimum on top of the electrodes. The maximum
in ﬁeld gradient is at the edge of the electrodes where particles collect under positive DEP. (c) Is a plot of jr ¯ E2j as a
function of the distance in the x direction at three heights above the plane of the electrode, 1, 2 and 10 m.
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Figure 4. A photograph showing the pattern of spheres
collecting on top of the electrodes as a result of
hydrodynamic effects. At a frequency below 0.1 MHz the
282 nm spheres collect as diamond-shaped aggregates on
top of the electrodes. This photograph was taken at an
applied potential of 10 V peak to peak. In this photograph
the electrodes are lighter than the background.
in agreement with literature results for larger particles such
as cells and micro-organisms [4,14]. At high frequencies
the spheres experience negative DEP and collect in the
bays between the electrode tips, as shown in ﬁgure 3(b).
Figure 3(b) was taken at an applied frequency of 10 MHz,
10 V peak to peak. This image was taken with the
electrodes back illuminated to increase the contrast, so that
the electrodes appear black in the photograph, whereas in
ﬁgure 3(a) the electrodes are lighter than the background.
At frequencies below 200 kHz, the spheres remain at
the electrode tips under positive DEP but also experience
a force moving them into the central region of the
electrode. The magnitude of this force increases both with
increasing ﬁeld strength and with decreasing frequency.
At a sufﬁciently low frequency (<0:1 MHz) and at a
suitable ﬁeld strength all the spheres can be collected in
the central region of the electrode, as shown in ﬁgure 4.
This ﬁgure shows diamond-shaped aggregates of spheres
sitting on top of the electrodes. The effect is reversible:
increasing the frequency of the applied voltage results in
spheres moving back to the electrode tips. This has been
observed for a range of sizes of spheres from 93 to 557 nm
diameter, for which the trend is the same but the voltage and
frequency at which the effect occurs are different for each
size of bead. The larger particles require a larger applied
voltage or a lower frequency to move them into the centre.
The ﬂow of particles into this region is observed to be from
the electrode edge into the centre of the electrode. These
observations are general for a range of electrode geometries
and particle sizes. Other workers [15] have made similar
observations of the movement of yeast cells into the central
region of a castellated electrode array. We have repeated
these experimental observations both with live yeast and
with latex particles and ﬁnd the trends to be the same.
The effects are inconsistent with the predicted movement
of particles solely by DEP.
Figure 5. A sequence of ﬂuorescence photographs of
282 nm spheres collecting in a parallel ﬁnger electrode of
the type shown in ﬁgure 1(c). For clarity only one of the
two ﬁngers is shown. The inter-electrode gap is on the
right-hand side of the photograph and the medium
conductivity m = 2 mS m−1. In (i) the applied frequency is
90 kHz with the applied voltage 10 V peak to peak. The
ﬂuid movement is very small; the spheres experience
positive DEP only and collect at the electrode edge. In (ii)
the frequency is reduced to 60 kHz and the spheres move
away from the electrode edge to an equilibrium position
10 m in from the electrode edge, as shown in the
photograph. Here the DEP force and the force on the
particle due to ﬂuid movement are balanced. (iii) and (iv)
are time sequences showing how the spheres move in
from the edge when the frequency is reduced further to
5 kHz (10 V). 1 s after applying the ﬁeld the spheres move
in by approximately 20 m from the edge to form a band.
After 5 s, more spheres have collected from both edges,
forming two bands, as shown in (iv). Finally the two bands
merge into one band in the steady state. This is illustrated
in (v), except that here the voltage has been increased to
16 V peak to peak with the same frequency of 5 kHz. A
well deﬁned band of particles appears at the minimum in
electrical ﬁeld at a point two thirds of the way in from the
inter-electrode gap. Increasing the voltage also increases
the DEP force (by a ratio of 2.5) so that in addition particles
are again trapped at the electrode edge.
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Figure 6. A diagram showing an electrode arrangement
used for the analytical model, equation (24), for the
temperature ﬁeld. It consists of two parallel plates with a
very small inter-electrode gap. The plates are covered in a
dielectric (water) and a potential of V (in volts) is applied
across the gap. The direction of the ﬁeld is shown.
In our case N E0 is real and equation (21) can be simpliﬁed
to
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where  D "= is the charge relaxation time of the
liquid. The ﬁrst term on the right-hand side of the
equation represents the Coulomb force and the second term
the dielectric force.
In certain frequency ranges either the Coulomb force
or the dielectric forces dominate. The transition from
dominance by one force to dominance by the other occurs
at a frequency at which the magnitude of the Coulomb force
becomes equal to the magnitude of the dielectric force.
From equation (22) this frequency, fc, is given by
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For water .1=/.@=@T/ DC 2% per degree and
.1="/.@"=@T/ D− 0 : 4% per degree [19] so that
the magnitude of the square root in equation (23) is
approximately 3. The cross over frequency, fc, is then
of the order of the inverse of the charge relaxation time of
the liquid given by c   D "=.
An order-of-magnitude estimate of the force on the
liquid can be made for a simple analytical system. Consider
two thin parallel metal plates, with a very small inter-
electrode gap mounted on an insulator with liquid above the
plates. The plates are subjected to a potential difference, V
that sets up an electrical ﬁeld N E.r;/ as shown in ﬁgure 6.
Neglecting end effects, an analytical expression for the
electrical ﬁeld is given by [20]
N E.r/ D
V

1
r
O n (24)
and the power dissipated per unit volume is
W.r/DE2 D
V2
2
1
r2:
Substituting for this explicit expression for power in the
temperature balance equation (13) gives
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A particular solution to this equation is
Tp D−
V22
22k
:
Assuming that the electrodes behave as thermal baths, the
boundary conditions at  D 0 and  D  are T D 0
(the reference temperature is chosen to be zero). The
boundary conditions at the electrodes together with the
particular solution of equation (25) lead to solutions of T
that are functions of  only and independent of the radial
co-ordinate r. Then, the solution for the temperature of
equation (25) that also satisﬁes the boundary conditions at
 D 0 and  D  is simply
T./D−
V22
22k
C
V2
2k
(26)
with
Tmax D T
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:
For the time-averaged ac case the temperature ﬁeld depends
on the RMS voltage. The gradient of temperature is
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Given the temperature ﬁeld, the force on the liquid can
be computed exactly from equation (15). Substituting
for the temperature gradient into equation (22), where
r D .@=@T/rT and r" D .@"=@T/rT, then the time-
averaged force with an applied alternating potential is
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is a dimensionless factor which gives the variation of
the force as a function of the frequency. A plot of the
magnitude of M against frequency at T D 300 K is shown
in ﬁgure 7. It can be seen that M is positive for low
frequencies and negative for high frequencies, with the
cross over frequency approximately equal to fc. The force
on the ﬂuid depends on the angle, , with the maximum at
 D 0o r . The force per unit volume can be calculated
and, for m D 0:0 1Sm − 1 ,V D10 V (peak to peak),
r D 20 m and T D 300 K, then jN fEj=M D 1 2Nm − 3 ,
which in the low-frequency limit gives a maximum force
of jN fEj8 0Nm − 3 . For low frequencies the force is
dominated by the space charge and is in the direction shown
by the arrows in ﬁgure 8, moving ﬂuid across the electrodes
from the inter-electrode gap to the centre of the metal. At
frequencies greater than fc, the ﬂow direction is reversed
and the liquid streams up in the centre of the gap. These
ﬂow patterns are representative of the analytical expression
for an electrode array with an inﬁnitely narrow gap; for
a ﬁnite gap the ﬂow patterns may well be different and
numerical solutions of the equations would be required.
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Figure 10. An outline of the electrostatic situation on a
parallel plate electrode array showing how the radial ﬁeld
can be resolved into normal and tangential components.
The tangential component of the ﬁeld gives rise to a
Coulomb force on the ﬂuid, namely electro-osmosis, which
causes ﬂuid to move out across the electrode from the
edge to the centre.
This ﬂow pattern is similar to that expected from
electrical forces induced by Joule heating of the liquid
(see section 3.2.1 above) at frequencies below the cross
over frequency, fc, given by equation (23). However, we
have noted that the velocity of the ﬂow pattern increases
with decreasing frequency and also with increasing applied
voltage, approximately proportional to V 2. It has been
shown above that electrothermal effects are independent
of frequency, except around fc. Also for electrothermal
effects the ﬂuid velocity is proportional to V 4, rather than
to V 2. Since EHD forces cannot be invoked to explain the
ﬂow patterns, we are led to believe that the origin of this
force is other than electrothermal. We will consider the
inﬂuence of the electrical double layer on ﬂuid ﬂow, in a
process analogous to electro-osmotic ﬂuid ﬂow under a dc
potential.
For a parallel planar micro-electrode conﬁguration a
schematic representation of the electrical ﬁeld conﬁguration
close to and above the electrodes is shown in ﬁgure 10.
Application of a voltage to the electrode causes charge to
appear at the electrode–electrolyte interface, which changes
the charge density in the electrical double layer as shown
in ﬁgure 10. The time for the establishment of this charge
distribution is of the order of the charge relaxation time,
 [22]. If the applied potential is alternating then, for
any frequency below f D 1=.2/, the charge on the
electrode and in the double layer will alternate in each half
cycle of the applied potential. In the case of dc electro-
osmosis, this charge will experience a force tangential to
the electrode surface, given by F D QEt, where Et is
the tangential electrical ﬁeld and Q is the charge in the
double layer. This force will act on the double layer and
cause ﬂuid movement, which we call ac electro-osmosis by
analogy with dc electro-osmosis. As shown in ﬁgure 10, the
direction of the force on the charge and thus the ﬂuid-ﬂow
pattern are independent of the sign of the applied voltage
since the sign of the excess charge in the double layer is
always opposite to that of the charge on the electrode. Both
the sign of Q and that of Et change with each half cycle, so
that the direction of the force F is constant. The magnitude
of the force F is obviously a function of the magnitudes of
Q and Et and will vary from a maximum at the electrode
edge, where both Q and Et are maximum, to a minimum
near the centre of the electrode, where Et is zero.
For dc electro-osmosis, the ﬂuid velocity, v, in the
double layer is given by [17]
v D
Etq

(36)
where q is the surface charge density and −1 is the Debye
length of the diffuse double layer. This equation assumes a
tangential electrical ﬁeld with a magnitude that is invariant
along the length of the double layer and a surface charge
deﬁned as
q D
Z 1
0
q dz
where q is the volume charge density in the double layer
and z is the direction normal to the surface. This equation
may not be completely applicable in our case since both
q and Et are functions of distance in all directions. For
micro-electrode structures with strongly divergent ﬁelds the
tangential ﬁeld will vary with distance, both normal to the
surface and along the surface. At a distance corresponding
to the Debye length, Et is much smaller than En; however,
it is of sufﬁcient magnitude to induce a large tangential
force which could result in ﬂuid motion. An estimate
of the electrical ﬁeld for the electrode structure shown in
ﬁgure 10 has been made using ﬁnite-element ﬁeld analysis
software. With an inter-electrode gap of 25 m and an
applied voltage of 10 V peak to peak, then at a distance
of 10 nm from the surface (a typical Debye length) and
10 m in from the electrode edge, En D 3:4  104 Vm − 1
and Et D 5 0Vm − 1 . Although this tangential ﬁeld
is much lower than that used in dc electro-osmosis, the
surface charge density is much higher in this case. For a
Debye length of 10 nm, the average speciﬁc capacitance
of the double layer can be estimated to be of the order of
0 . 1Fm − 2(from C D "m). The voltage across the double
layer varies with the applied frequency; at low frequencies
almost the entire applied voltage will be dropped across the
double layer whereas at high frequencies the potential drop
across the double layer goes to zero due to polarization
of the electrode/solution interface [23,24]. Assuming that
the double-layer voltage is 10% of that across the solution
then the average double-layer charge density, q, can be
estimated to be 50 mC m−2 (for an applied voltage of 10 V
peak to peak). From equation (36) this translates into a
time-averaged ﬂuid velocity of 21 ms − 1. (If the distance
is reduced to 2 m, then Et is ten times bigger and the
ﬂuid velocity increases to 200 ms − 1.)
Although this velocity is higher than the equivalent
DEP velocity of a 282 nm particle 10 m in from the
electrode edge, it is lower than the ﬂuid velocity measured
using latex spheres, which is of the order of 100 ms − 1
at 10 kHz. This difference is probably due to the
large variations in the ﬁeld and charge density along the
electrode, which are maximum at the electrode edge where
they are likely to drive the ﬂuid ﬂow most strongly. The
ﬂuid ﬂow is also an average of the velocities and would tend
to drive a circulation pattern that brings particles in from
the edge to the centre, as shown schematically in ﬁgure 9.
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